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Protein Degradation or Regulation: Minireview
Ub the Judge
Mark Hochstrasser Given the central importance of ubiquitin to proteoly-
sis, it is somewhat ironic that the first protein shown toThe University of Chicago
Department of Biochemistry and Molecular Biology be modified by ubiquitin was histone H2A, a polypeptide
that is degraded only very slowly in vivo (Goldknopf and920 East 58th Street
Chicago, Illinois 60637 Busch, 1977). In this and more recent examples (see
Ciechanover, 1994), the inference of a nonproteolytic
role for ubiquitination was based largely on the observa-
tion that thebulk population of thesubstrate is metaboli-Posttranslational modifications to proteins are both nu-
cally stable. Although it has long been recognized thatmerous and diverse. Such covalent alterations run the
ubiquitin is likely to have roles beyond proteolysis, it ischemical gamut, creating a variety of subtle and not so
only the recent data of Hicke and Riezman (1996) andsubtle changes in the target protein. These transforma-
Chen et al. (this issue of Cell) that provide strong positivetions often change the charge, conformation, or size of
evidence that modification of proteins by ubiquitin canthe protein and can have dramatic effects on its subcel-
have consequences other than direct targeting to thelular localization, enzymatic activity, or ability to interact
26S proteasome. In both of these cases, ubiquitinationwith other proteins. Of these myriad protein modifica-
does ultimately lead to degradation of a protein, so ubi-tions, ubiquitination is unusual in that the modifying
quitin is still acting as a proteolytic targeting signal ofgroup, ubiquitin (Ub), is itself a protein. Ubiquitin can be
sorts; however, its function in degradation is indirect.viewed as a large steric modifier, a pumped-up analogof
A Ubiquitination-Dependent IkBa Proteina methyl group that could work either negatively, by
Kinase Activitysteric hindrance, or positively, by introduction of new
Chen et al. (1996) have used classical divide-and-recon-binding sites or structures into the conjugated protein.
stitute biochemistry to analyze the mechanism by whichThe 76-residue ubiquitin molecule is joined to proteins
IkBa is targeted for degradation by the 26S proteasome.via isopeptide linkage between the C-terminal carboxyl
In response to a wide array of extracellular signals, thegroup of ubiquitin and lysine e-amino groups of the ac-
transcription factor NFkB or related members of theceptor proteins (Figure 1). Ubiquitination is best known
Rel protein family are activated, resulting in a variety offor its ability to facilitate degradation of targeted pro-
transcriptional responses (Thanos and Maniatis, 1995).teins by a complex protease called the 26S proteasome
Under noninducing conditions, NFkB and its kin reside(reviewed by Ciechanover, 1994, and Hochstrasser,
in the cytoplasm in inactive heteromeric complexes.1995). For this proteolytic function, assembly of a ubiqui-
NFkB is rendered inactive either because the NFkB sub-tin oligomer on the protein is generally necessary. Ubi-
units are bound to a member of the IkB protein familyquitin chains on proteolytic substrates are usually found
or because one of its subunits is in a precursor formto have isopeptide bonds between lysine 48 of one ubi-
(p105) that prevents translocation of the complex to thequitin and the C-terminus of the neighboring ubiquitin.
nucleus. The IkB protein is related to the C-terminalThe resulting multiubiquitinated proteins appear to bind
prodomain of p105, and both function by masking theavidly to the proteasome, leading to swift destruction
NFkB nuclear localization signal.of the proteins and recycling of ubiquitin.
Activation of ubiquitin's C-terminus and its transfer
to substrate involve a cascade of enzymatic reactions
(Figure 1). In an energy-consuming reaction, ubiquitin
is first activated by an enzyme called E1, to which it
becomes linked by a high energy thiolester bond. Ubi-
quitin then forms a thiolester with a second protein, an
E2 ubiquitin-conjugating enzyme. E2 enzymes can often
directly catalyze isopeptide bond formation between
ubiquitin and substrate in vitro. In most cases in vivo,
however, this is probably performed with the aid of a
so-called E3 ubiquitin-protein ligase. In what may turn
out to be the rule rather than the exception, the ubiquitin
is transferred from the E2 to a thiol group on the E3 and
only then is conjugated to a primary amino group of the Figure 1. Consequences of Protein Ubiquitination
substrate. It is difficult to imagine the efficient operation Substrate modification by ubiquitin (Ub) generally requires the suc-
of such a ªbucket brigadeº mechanism unless the E1- cessive action of three different kinds of enzymes, E1, E2, and E3
E2-E3 enzymes form either a transient or stable multi- (see text; for at least the E2s and E3s, there are many isozymes).
They are depicted as a single complex, but this is hypothetical.protein complex to allow rapid transthiolation and trans-
The substrate protein may be either mono- or multi-ubiquitinated;fer of ubiquitin molecules. Because ubiquitinated pro-
a single ubiquitin moiety or ubiquitin chains with different ubiquitin±teins are subject to rapid ubiquitin removal by the many
ubiquitin linkages may signal different metabolic fates. Protein deu-
deubiquitinating enzymes which swarm the cell, a pro- biquitination could be important both for attenuating a response
cessive chain assembly mechanism would be of some and for controlling the probability that a ubiquitinated protein will
be committed to one or another metabolic pathway.advantage.
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Work by Chen et al. and others (see references in of the chains normally found on proteolytic substrates
was reported not to interfere with IkB kinase activation.Chen et al., 1996) has shown that NFkB is activated
either by processing of p105 by the ubiquitin-protea- Finally, it is unclear whether the requirement for the
same E2 enzyme in two different steps of the NFkBsome pathway to remove the inhibitory C-terminal do-
main or by destruction of IkB by the same proteolytic activation pathway is of some mechanistic significance
or is coincidental.pathway. Degradation of IkBa in vivo requires signal-
induced phosphorylation of both of two serines near its A return to the cold room will be necessary to resolve
some of these mechanistic questions. Also still loomingamino-terminus, serines 32 and 36. From this, a rela-
tively simple model emerged. Signaling through any of is the task of determining if ubiquitination of IkB kinase
is important for IkB phosphorylation in vivo and if so,a variety of cell surface receptors leads to activation of
an IkB kinase, which phosphorylates IkB at serines 32 how signals at the cell surface are brought to bear on
this event. No matter the outcome of these experiments,and 36, which in turn triggers multiubiquitination of
nearby lysine residues of IkB (while still bound to NFkB), however, the work of Chen and colleagues provides
clear evidence that ubiquitination can have a regulatoryand subsequent IkB degradation. Although many differ-
ent protein kinases have been found to phosphorylate function that does not involve protein degradation.
Ubiquitin-Mediated Endocytosis of CellIkB in vitro and various kinases have been implicated
in the regulation of NFkB in vivo, none has been shown Surface Receptors
The experimental setting for the work of Hicke and Riez-biochemically to have the requisite site-specificity. An
important contribution of Chen et al. is their character- man (1996) is very different from that of Chen et al.
(1996), but the inference of a nonproteolytic role forization, elegant albeit incomplete, of an IkB kinase that
specifically phosphorylates serines 32 and 36. The par- ubiquitin is equally compelling. Many cell surface pro-
teins are rapidly endocytosed and, if not recycled to thetially purified kinase is large, roughly 700 kDa, and is
said to comprise multiple heterologous subunits. plasma membrane, are routed to the lysosome/vacuole,
where they are destroyed by vacuolar proteases. Endo-Fortuitously, the IkB phosphorylation assays were
done initially with all the components also required for cytosis of the S. cerevisiae a-factor pheromone recep-
tor, Ste2, takes place constitutively at a slow rate butIkB ubiquitination. These included the flow-throughfrac-
tion from an anion exchange column, termed fraction I. is stimulated 5-10 fold by a-factor binding. Pheromone
binding to the Gprotein-coupled Ste2 receptor activatesThe authors had shown that for IkB ubiquitination, frac-
tion I could be replaced by a member of the Ubc4/Ubc5 the MAP kinase signal transduction pathway, resulting
ultimately in alterations in transcription needed by thefamily of E2 ubiquitin-conjugating enzymes but not by
other E2s. The surprise came when fraction I was omit- cell to mate with a-factor secreting cells. Internalized
Ste2 follows the endocytic pathway to the vacuole,ted from the IkB phosphorylation assay: phosphoryla-
tion was largely eliminated. IkB phosphorylation could where it is degraded. For endocytosis, the cytoplasmic
C-terminal tail of the polytopic Ste2 protein is critical;be restored if yeast Ubc4 or human Ubc5 was added
instead of fraction I. In other words, Ubc4 or Ubc5 was within this tail, a nine-residue sequence, SINNDAKSS,
is sufficient for receptor internalization (see Hicke andneeded not only for the phosphorylation-dependent ubi-
quitination of IkB but, perversely, for its phosphorylation Riezman, 1996, for references).
In their new work, Hicke and Riezman have examinedas well. A mutant form of Ubc5 that could not form a
thiolester with ubiquitin did not support IkB phosphory- more closely the requirements for receptor endocytosis.
As shown previously, exposure of cells to a-factor ledlation. Consistent with this, both ubiquitin and E1 also
had to be present (E1 was in the wheat germ extract to rapid disappearance of the receptor. Degradation
was strongly inhibited in a yeast end4 mutant, which isused for in vitro translation of IkB). Kinetic experiments
strongly suggested that ubiquitination of some compo- defectiveat an early step in receptor endocytosis. Based
on SDS-polyacrylamide gel separations, however, Ste2nent(s) of the IkB kinase fraction was necessary for IkB
phosphorylation. On the other hand, IkB phosphoryla- did not accumulate in its normal form in the mutant cells
but rather, as a set of higher molecular massspecies, thetion was said not to depend on proteolytic activity in
the partially purified system. From these results, one most prominent of which differed in apparent molecular
mass by intervals of z9 kD. The higher molecular masscan conclude with some confidence that the IkB kinase
(or a copurifying regulatory factor) must be ubiquitinated forms of Ste2 are also detectable as transient intermedi-
ates in pheromone-stimulated wild-type cells. Thesein order for the kinase to phosphorylate IkB in vitro.
Many questions remain. The precise target of ubiquiti- results immediately suggested that Ste2 might be modi-
fied by ubiquitin, a suspicion confirmed by immunopre-nation in the kinase fraction, frustratingly, remains un-
identified. It is not yet certain whether an E3 ligase is cipitation with an antibody to ubiquitin. Furthermore,
internalization of ligand-bound receptors was markedlyrequired or whether formation of a ubiquitin chain(s),
rather than monoubiquitination, is necessary. Methyl- inhibited in yeast cells lacking members of the Ubc1/
Ubc4/Ubc5 subfamily of E2 enzymes. Ubiquitination ofated ubiquitin, which cannot form ubiquitin chains, did
not support IkB phosphorylation. However, methylation Ste2 is correspondingly reduced in ubc4 ubc5 mutants.
Some of these mutated strains are quite sick, but theof ubiquitin could also interfere in some other way with
IkB kinase activation, and an attempt to identify a spe- defect in Ste2 endocytosis could not be explained by a
general defect in membrane trafficking.cific multiubiquitinated protein in the IkB kinase fraction
only revealed ubiquitinated material that could not enter All this is well and good, but it does not prove ubiquiti-
nation of Ste2 is what triggers its endocytosis. For thata low percentagepolyacrylamide-SDS gel. Interestingly,
mutation of lysine 48 of ubiquitin to prevent formation matter, a very similar story has already been told about
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yeast Ste6, an ATP-binding cassette transporter protein proteasome-independent processes, such as the IkB
kinase activation discussed above.involved in a-factor export (KoÈ lling and Hollenberg,
A final question is how often ubiquitination is utilized1994). However, Hicke and Riezman went on to analyze
as a signal for endocytosis and vacuolar targeting. Al-the effect of mutations in the SINNDAKSS internalization
most certainly, the answer will be that it is extremelysignal on Ste2 ubiquitination, and the results were tell-
common. As mentioned above, the yeast Ste6 proteining. Mutation of the lysine in this element to arginine
is very likely to follow a degradation pathway very similar(in a truncated derivative of Ste2) almost completely
to that which works on Ste2. Other recent studies inblocked endocytosis. The mutation also eliminated Ste2
yeast suggest the same is true for uracil permease, theubiquitination. There is one other lysine in the cyto-
general amino acid transporter Gap1, and the multidrugplasmic tail of this derivative of Ste2. Changing it to
transporter Pdr5 (Egner and Kuchler, 1996, and refer-arginine was of no consequence for either receptor inter-
ences therein). Interestingly, uracil permease appearsnalization or ubiquitination. Finally, mutation to alanine
to use a ubiquitination signal related to the ªdestructionof all three serines in the endocytosis signal eliminated
boxº of mitotic cyclins. Internalization and vacuolar deg-receptor hyperphosphorylation in response to a-factor
radation of uracil permease and Gap1 require the Npi1/and inhibited receptor internalization. Correspondingly,
Rsp5 protein, which has characteristics of an E3 ubiqui-ubiquitination of Ste2 was no longer detectable. The
tin-protein ligase. These are not just peculiarities ofsimplest interpretation of these data is that endocytosis
yeast: a number of mammalian membrane proteins areof Ste2 specifically requires ubiquitination of the lysine
also known to be multiubiquitinated at the cell surfacein the SINNDAKSS element and that this modification
and degraded in the lysosome (Ciechanover, 1994).depends on phosphorylation of the flanking serines.
At present, we have littlemore than a first adumbrationPhosphorylation-dependent ubiquitination has been re-
of the complexities of the ubiquitin system. Many newported for a number of proteins in the last few years,
physiological roles for this intricate metabolic systemone of the best characterized examples being IkBa, as
are still being discovered. At a very basic mechanisticdiscussed above.
level, it is still unclear how specific proteins are identified
The Ste2 results raise some interesting questions. For
by the ubiquitin conjugation machinery or what the rela-
one, how does ubiquitination of Ste2 lead to its endocy-
tive importance of the E2 and E3 enzymes is in substrate
tosis? The ubiquitin (chain?) may provide a binding site
recognition. We are also just becoming aware of the
for a component of the endocytic machinery or may remarkably large and diverse group of deubiquitinating
alter Ste2 structure in a way that facilitates such binding. enzymes that exist (yeast have at least 17 such en-
As an alternative, the authors suggest ubiquitin may zymes); these enzymes are likely to be functionally di-
promote movement of Ste2 into regions of membrane verse as well (Papa and Hochstrasser, 1993). We now
that actively endocytose. Another question is why ubi- have two clear examples where ubiquitin operates in a
quitinated Ste2 is not targeted by the proteasome, as way other than as a direct proteolytic signal. With the
demonstrated convincingly by Hicke and Riezman realization that ubiquitination does more than deliver
(1996) with proteasome mutants. It is not simplybecause proteins to the proteasome, questions about the molec-
Ste2 is a membrane protein. The CFTR transmembrane ular basis of substrate specificity and targeting are given
protein, particularly the mutant form commonly found new urgency. Combining mechanistic analysis of the
in cystic fibrosis patients, is multiubiquitinated when in ubiquitin system with the study of its varied biological
the ER and is apparently degraded by the proteasome functions should prove a productive enterprise for some
(Ward et al., 1995). Under some conditions, certain re- years to come.
ceptor tyrosine kinases can also be degraded by a ubi-
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